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The particle size effect for ethanol oxidation on carbon supported platinum catalysts in the Pt particle size
range from 2.2 to 3.6 nm was investigated both in half-cell and in a single direct ethanol fuel cells (DECF).
The speciﬁc activity for ethanol oxidation presented a maximum at a Pt particle size of 2.5 nm, ascribed to
the best compromise between structural effects and/or oxophilicity effects of the Pt surface. In DEFCs, the
particle size effect at the anode side was less signiﬁcant than that observed in half-cell measurements,
likely due to concomitant effects of ethanol oxidation products on the oxygen reduction at the cathode
side.
 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Ethanol is an attractive liquid fuel for direct alcohol fueled sys-
tems. It is the major renewable biofuel obtained from the fermen-
tation of biomass, and ethanol is less toxic than methanol. Wang
et al. [1] compared the performance of fuel cells operating on var-
ious methanol-alternative fuels. They found that ethanol is a prom-
ising alternative fuel with an electrochemical activity comparable
to that of methanol. For these reasons, direct ethanol fuel cells
(DEFCs) have been paid more and more attention in recent years
[2–4]. Carbon supported platinum is commonly used as anode cat-
alyst in low temperature fuel cells. Because catalysis is a surface ef-
fect, the catalyst needs to have the highest possible surface area.
So, the active phase is dispersed on a conductive support as carbon.
Pure Pt, however, is not the most efﬁcient anodic catalyst for DEFCs
[3]. Indeed, platinum itself is known to be rapidly poisoned on its
surface by strongly adsorbed species coming from the dissociative
adsorption of ethanol [5]. Efforts to mitigate the poisoning of Pt
have been concentrated on the addition of cocatalysts, particularly
ruthenium and tin, to platinum. Many studies have been addressed
to the effect of the presence of a second metal on the speciﬁc activ-
ity (SA) of Pt and, among different Pt-based bimetallic catalysts,
Pt–Sn seems to be the most effective for ethanol oxidation [3].
On the other hand, the effect of particle size (d) on the ethanol
oxidation reaction (EOR) has been scarcely studied. Generally, a
not negligible effect of particle size on the SA of Pt catalysts forsevier OA license.different electro-catalytic reactions is observed by particle sizes
lower than 5 nm. The particle size effect can be attributed to differ-
ent factors, as the structural sensitivity, that is, the dependence on
the geometry of the surface [6–10], and the adsorption of oxygen-
ated species [11–14]. Indeed, for cubooctahedral particles, which
consist of (1 1 1) and (1 0 0) facets bounded by low coordination
number (edge and corner) atoms, simple geometric considerations
indicate that the relative concentration of surface atoms on facets
or in edge and corner positions changes dramatically as the crystal-
lite size decreases in the 5–1 nm particle range. As the particle size
varies, the associated structural factors cause changes in the coor-
dination numbers of the atoms, the population of the facets and the
concentration of defects [7,8]. Park et al. [9] reported that the avail-
ability of contiguous Pt terrace sites diminishes progressively as
the particle size decreases. CO chemisorption results showed that
the fraction of Pt ‘‘ﬂat terrace’’ vs. edge sites on the nanoparticle
surface declines sharply for d 6 4 nm. Such structural alterations
signal the progressive diminution in the presence of 9-coordinate
terrace sites along with the emerging dominance of lower-coordi-
nate Pt surface atoms, as d decreases from ca. 4 to 2 nm. The dis-
tinct electronic properties of such sites are expected to play a
role in chemical reactivity by, for example, facilitating the dissoci-
ation of reactants or by stabilizing intermediate reaction species.
Conversely, according to Gamez et al. [11] and Takasu et al. [12]
the origin of the particle size effect appears to be due to the stron-
ger adsorption of oxygenated intermediate species on the smaller
particles. The essential reason for the size effect was revealed by
the electronic state of the platinum particles [12]. The binding
energy of the Pt4f3/2 and P4f5/2 states for Pt particles on a glassy
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(XPS) shifted to a higher value with decreasing platinum particle
size. The trend in the shift of the core-level binding energy with
the platinum particle size should reﬂect the state density near
the Fermi level of the platinum particles. Thus, the interaction
between the adsorbed oxygen and surface platinum atoms would
be much stronger with a decrease in the platinum particle size, be-
cause the energy separation between the highest occupied energy
level for oxygen and the valence band of platinum decreases with a
decrease in platinum particle size. A similar conclusion was
reported from in situ X-ray absorption spectroscopy (XAS) mea-
surements by Mukerjee and McBreen [13]: as the particle size of
carbon-supported Pt clusters was reduced below 5 nm there was
strong adsorption of H, OH and C1 compounds such as CO.
Mayrhofer et al. [14] presented a method for establishing the
potential of zero total charge (pztc) as a function of particle size.
The values of pztc are used to develop a physical picture of the
trends for adsorption of oxygenated species, such as OH, on the
Pt clusters. The potential of total zero charge shifts approximately
35 mV negative by decreasing the particle size from 30 nm down
to 1 nm. So, they found that the electrosorption properties of the
metal catalysts are also dependent on the cluster size. The Pt–H
interactions appear to be weaker on smaller particles, whereas
the energy of adsorption of anions, in particular OH, is more en-
hanced, that is, at the same potential the surface coverage by oxy-
genated species increases by decreasing the particle size. The
reaction kinetics of the CO oxidation as well as of the oxygen
reduction is dependent on the particle size, in complete agreement
with the variation of the oxophilicity, that is, the coverage with
oxygenated species. If adsorbed OH is a promoter of a reaction as
for the CO oxidation, then an increase in oxophilicity with a de-
crease in particle size results in increased speciﬁc activity. On the
contrary, for the oxygen reduction reaction (ORR) the increase in
oxophilicity with smaller particles leads to a decrease in speciﬁc
activity, because OH can effectively block the active sites required
for the adsorption of O2 or the splitting of the OAO bond, in agree-
ment with single-crystal work. Considering the excellent agree-
ment observed between the ORR activities measured in HClO4, as
in the case of previously reported studies, and by polymer electro-
lyte membrane fuel cells (PEMFC) testing, Gasteiger et al. [15] af-
ﬁrmed that the same particle size effects would occur in PEMFCs.
Watanabe et al. [16] studied the inﬂuence of platinum particle
size on its activity for oxygen reduction in both hot phosphoric acid
and sulfuric acid. Unlikely from the previously reported results,
they found that when the inter-crystallite distance (ID) is greater
than ca. 20 nm, the speciﬁc activity is fully achieved for all electro-
catalyst dispersions, and, as a consequence, SA is independent of
the particle size, but is dependent on the inter-particle distance.
However, it has to be remarked that, at ﬁxed metal loading on
the carbon support, the inter-particle distance decreases with
decreasing the particle size, according to the following relationship
[16]:
xi ¼ ð1=3Þ 30:5pqd3SACð1 yÞ=y
h i0:5
ð1Þ
where xi is the mean inter-crystallite distance, q (21.4 g cm3) and d
are the density and the particle size of Pt, SAC (254 m2 g1) is the
speciﬁc surface area of carbon, and y is the Pt content in Pt/C. Thus,
in the hypothesis of an inter-particle distance effect, at a ﬁxed Pt/C
loading the speciﬁc activity indirectly depends on the particle size.
For these reasons, it is clearly of interest to explore the relation
between the particle size and the electrocatalytic properties of Pt
catalysts. While several studies along these lines have been re-
ported, they are limited for the most part to oxygen reduction
[6,11–18] or methanol oxidation [18–25]. Consistently, the rates
of both are observed to diminish progressively for smaller Pt nano-particles, most discernibly for d 6 5 nm. These ﬁndings for oxygen
reduction have been attributed to structural effects and to the
greater stability of adsorbed OH under these conditions, and for
methanol electrooxidation to the stronger binding of OH and CO
(formed by methanol surface decomposition) on smaller particles.
Only two works have been carried out, instead, on the Pt parti-
cle size effect on the ethanol oxidation. Li et al. [24] investigated
the EOR activity of carbon nanotube supported Pt particles (sizes
of 1.7, 2.4 and 4 nm) by cyclic voltammetry (CV) at 25 C. An in-
crease of the mass activity (MA), but a decrease of the SA was ob-
served with decreasing Pt particles size. Tang et al. [26] found a
size effect of Pt particles on the electrocatalytic oxidation of etha-
nol. The Pt/C catalyst with a particle size of 3.2 nm showed the
optimal electrocatalytic activity for the ethanol oxidation. XPS
measurements indicated that the size effect for ethanol oxidation
of Pt/C catalysts is closely related to the Pt0 content and the speciﬁc
surface area of the Pt particles.
To investigate the surface structural effects on the EOR, studies
on Pt single crystals have been carried out. CV experiments at sin-
gle crystal platinum showed marked differences in the response to
ethanol oxidation among the low index surface planes [27–31]. On
a positive-going sweep starting from the hydrogen adsorption re-
gion, anodic current densities during the ﬁrst half of the sweep
are greater at Pt(1 1 1) than at other platinum surfaces. For analo-
gous sweeps in acid electrolytes, the current density peaks about
200 mV less positive for Pt(1 1 1) than for Pt(1 0 0) and Pt(1 1 0).
Differences have been linked to the ability of the surfaces to sup-
port the formation and adsorption of CO and other partial oxida-
tion products [27–31]. More recently, Colmati et al. [32] studied
ethanol oxidation on Pt(1 1 1), Pt(1 0 0) and Pt(1 1 0) electrodes.
The results indicated that the surface structure affects signiﬁcantly
the reactivity of the electrode. The main product of the oxidation of
ethanol on the Pt(1 1 1) electrode is acetic acid, and acetaldehyde
is formed as secondary product. Moreover, the amount of CO
formed is very small, and probably associated with the defects
present on the electrode surface. For that reason, the amount of
CO2 is also small. On the other hand, CO is readily formed at low
potentials on the Pt(1 0 0) electrode, blocking completely the sur-
face. Between 0.65 and 0.80 V vs. RHE, the CO layer is oxidized
and the production of acetaldehyde and acetic acid is detected.
The Pt(1 1 0) electrode displays the highest catalytic activity for
the splitting of the CAC bond. Reactions giving rise to CO forma-
tion, from either ethanol or acetaldehyde, occur at high rate at
any potential. On the other hand, the oxidation of acetaldehyde
to acetic acid has probably the lower reaction rate of the three ba-
sal planes. Regarding the effect of stepped surface, Tarnowski and
Korzeniewski [33] observed that the ethanol oxidation pathway
leading to the formation of acetic acid is markedly affected by
the electrode atomic-level surface structure. The quantity of acetic
acid produced during positive potential sweeps is greatest across
the range 0.2–0.6 V vs. RHE and decreases with increasing surface
step density. Colmati et al. [34] studied ethanol oxidation on
stepped platinum single crystal electrodes in acid media. The elec-
trodes used belong to two different series of stepped surfaces:
those having (1 1 1) terraces with (1 0 0) monoatomic steps and
those with (1 1 1) terraces with (1 1 0) monoatomic steps. The
behaviors of the two series of stepped surfaces for the oxidation
of ethanol are very different. On the one hand, the presence of
(1 0 0) steps on the (1 1 1) terraces provides no signiﬁcant
enhancement of the activity of the surfaces. On the other hand,
(1 1 0) steps have a double effect on the ethanol oxidation reaction.
At potentials below 0.7 V, the step catalyzes the CAC bond cleavage
and also the oxidation of the adsorbed CO species formed. At high-
er potentials, the step is not only able to break the CAC bond, but
also to catalyze the oxidation of ethanol to acetic acid and acetal-
dehyde. The highest catalytic activity for ethanol oxidation was
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oxidation reaction depends on the surface characteristics of Pt,
which in turn depend on Pt particle size. So, a particle size effect
on the electrocatalytic activity of platinum has to be expected.
In the present work we have investigated the size effect for eth-
anol oxidation on Pt/C catalysts in a half-cell and in a single DEFC
at 90 C. The effect of particle size on ethanol oxidation has been
studied on pure Pt and not on the more active bimetallic Pt-based
catalysts to avoid the concurrent effect of the degree of alloying on
the EOR activity. Indeed, it is difﬁcult to prepare bimetallic cata-
lysts with different particle size and the same alloying degree.
The particle size was in the range 2.2–3.5 nm. This particle size
range is of particular interest not only in view of its use in fuel cell
applications but also because of the discernible changes in particle
electronic and structural properties observed in this range.Fig. 1. XRD patterns of carbon-supported Pt catalysts by E-TEK with different Pt
loading and Pt particle size.2. Experimental
Commercial Pt/C (E-TEK Inc.) catalysts with different Pt content
were employed in this study (20, 30, 40 and 60 wt.%).
The structural characteristics of the catalysts were analyzed by
XRD (X-ray diffraction) using Cu Ka radiation (k = 0.15406 nm) gen-
erated at 40 kV and 20 mA in a diffractometer (RIGAKU – ULTIMA
IV). Scans were obtained at 1min1 for 2h between 20 and 90.
The average crystallite sizes of the catalysts were determined based
on the peak broadening of the diffraction line of the Pt (2 2 0)
reﬂection.
Transmission electron micrograph (TEM) analysis was carried
out at 200 kV using a Philips CM 200 microscope. The samples
for TEM analysis were prepared by ultrasonically dispersing the
catalyst powders in ethanol, then a drop of the suspension was ap-
plied onto a carbon-coated copper grid and dried in air.
In situ Dispersive X-ray Absorption Spectroscopy (DXAS) exper-
iments were performed around the Pt L3 edge (11564.25 eV) in the
Brazilian Synchrotron Light Laboratory (LNLS). The exposure time
for each measured spectrum was 150 ms. A full spectrum involved
100 accumulations (frames) with 1.5 s of total acquisition time.
Conversion of data, pixel to energy, was performed by comparing
measurements in conventional mode with those in dispersive
mode from standard foils (Pt metal). The measurements were ta-
ken in a spectroelectrochemical cell [35] and the catalysts were
used in the form of pellets that were prepared by pressing a mix-
ture of Naﬁon solution and the catalyst powder (Pt load was
6 mg cm2). Measurements were done at constant applied poten-
tials (0.5–1.0 V) in 0.1 mol L1 HClO4.
The Pt/C catalysts with different Pt content (20, 30, 40 and
60 wt.%), with different particle sizes, were used as anode and
the 30% Pt/C catalyst as cathode. The total Pt loading of the cata-
lysts layers was 1.0 mg cm2 for both anode and cathode. Clearly,
the carbon amount in the catalyst layer decreases with increasing
the Pt/C ratio and, as a consequence, also the thickness of the cat-
alyst layer decreases with increasing the Pt/C ratio. As reported in
Ref. [36], the increase in the thickness of the catalyst layer gives
rise to an increase of electrode resistance. Thus, to maintain con-
stant the carbon content to the value of the 20 wt.% Pt/C, an appro-
priate amount of carbon Vulcan XC 72 was added to catalyst layer
formed by the catalysts with Pt/C weight ratio >20 wt.%.
The electrocatalyst was dispersed in 2-propanol together with
the adequate amount of a Naﬁon (Aldrich, 5.5% on aliphatic alco-
hols) solution in order to provide 35.5% (w/w) of Naﬁon with re-
spect to the ﬁnal catalyst mass. This was left in an ultrasonic bath
for 15 min, after which the solvent was evaporated to dryness. The
resulting powder was dispersed in 2-propanol to form an ink,
which was quantitatively deposited by a brushing procedure in
one of the faces of the gas diffusion later (GDL). The electrodeswere hot pressed on both sides of a Naﬁon 115 membrane at
125 C and 50 kg cm2 for 2 min. The geometric area of the elec-
trodes was 4.62 cm2.
The cyclic voltammetry curves were obtained in a half-cell sys-
tem circulating water in the anode. Hydrogen was supplied to the
cathode, which operated simultaneously as auxiliary and reference
electrode. The sweep rate was 20 mV s1. The experiments were
done at 25 C. The linear sweep voltammetry (LSV) curves were re-
corded in the range 0.15–0.8 V vs. RHE, in a half-cell system. The
sweep rate was 0.5 mV s1. The oxidation of ethanol on Pt/C was
tested with a 1.0 mol L1 ethanol solution at the anode. Hydrogen
was supplied to the cathode, which operated simultaneously as
auxiliary and reference electrode. In the same way, chronoampe-
rometry (CA) measurements were performed at 0.6 V.
Direct ethanol single cell tests were carried out by circulating a
1 mol L1 aqueous ethanol solution at the anode and at the cathode
3 atm O2 pressure. LSV, CA and DEFC measurements were done at
90 C with Autolab PGSTAT 30 connected to a personal computer
and using the Autolab software v. 4.9.3. Results and discussion
3.1. Carbon-supported Pt particle characterizations
Fig. 1 shows the X-ray diffraction patterns for the Pt/C catalysts.
In all cases, the peaks observed indicate the presence of the
face-centered cubic (fcc) structure typical of platinum metal, rep-
resented by the planes (1 1 1), (2 0 0), (2 2 0), and (3 1 1). The wid-
ening of the peaks decreases with increasing Pt loading in the
catalysts, indicative of the increase of the crystallite size. The crys-
tallite sizes of the different Pt/C catalysts calculated from the XRD
(2 2 0) peak are reported in Table 1. The position of the diffraction
peaks in Fig. 1 appears to slightly shift to the lower angles for the
catalyst with the lowest Pt crystallite size (20 wt.% Pt/C), indicating
a slightly expansion of the Pt lattice parameter. Collier et al. [37]
reported that at ambient temperature a little amount of carbon
could be present in solid solution, giving rise to a Pt lattice expan-
sion. At ﬁxed Pt/C, the PtAC interactions to total Pt ratio should in-
crease with decreasing Pt size, so the shift of the lattice parameter
should be more accentuate for small particle size.
Fig. 2a–d shows the TEM images of the Pt/C catalysts and the
corresponding particle size distribution histograms based on the
observation of about 200 nanoparticles. As can be seen, all the cat-
alysts are well dispersed on the surface of the support with a nar-
row particle size distribution. The average particle size, dn, has
Table 1
Platinum crystallite size, particle size, chemical surface area (CSA) by TEM, electro-
chemical surface area (ECSA) by CV, Pt utilization (ECSA/CSA) and inter-particle
distance (ID) of Pt/C catalysts with different platinum loading.
Pt
loading
(wt.%)
Crystallite
size (nm)
Particle
size (nm)
CSA (TEM)
(m2 g1)
ECSA (CV)
(m2 g1)
ECSA/
CSA
ID
(nm)
20 2.2 2.2 127 67 0.528 11.8
30 2.5 2.6 108 61 0.565 11.6
40 3.3 3.2 88 41 0.468 12.7
60 3.6 3.5 80 38 0.475 9.7
Fig. 3. Normalized Pt L3 absorption for different samples at 0.7 V in 0.1 mol L1
HClO4.
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equation:
dn ¼
X
ðkÞnkdk
X
ðkÞ
.
nk ð2Þ
where nk is the frequency of occurrence of particles with size dk. The
particle sizes obtained from the TEM images are in good agreement
with the crystallite size calculated from the XRD (2 2 0) peak, as re-
ported in Table 1. The trend of the Pt particle size in relation to the
Pt loading is the same, and the difference between crystallite size
and particle size is always less than 5%.
Fig. 3 shows the XANES spectra at the Pt L3 edge at 0.7 V and
room temperature for the Pt/C electrocatalysts. Normally, the
intensity of the Pt L3 edge increases with the increase in Pt d-band
vacancy, in this case due to the adsorption of oxygenated species
[38]. It is known that there is an increase in the afﬁnity of OHFig. 2. TEM images and histograms of particle size distribution of Pchemisorption on Pt as the metal particle size decreases [13]. The
increase in the intensity was in the order 20 wt.% Pt/C > 30 wt.%
Pt/C > 40 wt.% Pt/C > 60 wt.% Pt/C, conﬁrming the results of XRD
analysis regarding the particle size (see Fig. 1).
The dependence of Pt particle size and Pt inter-particle distance,
calculated from Eq. (1), on Pt content in Pt/C catalysts is shown in
Fig. 4. Pt particle size increases with increasing Pt content in Pt/C.
The inter-particle distance, instead, depending both on Pt particlet/C catalyst: (a) 20 wt.%; (b) 30 wt.%; (c) 40 wt.%; (d) 60 wt.%.
Fig. 4. Dependence of Pt particle size and Pt inter-particle distance, calculated from
Eq. (1), on Pt content in Pt/C catalysts.
Fig. 6. Electrochemical surface area (ECSA) vs. Pt particle size.
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ical surface area (CSA) of the catalysts was calculated using the fol-
lowing equation:
CSA ðm2 g1Þ ¼ 6 103=qd ð3Þ
where d is the mean Pt particle diameter in nm (from TEMmeasure-
ments) and q is the density of Pt metal (21.4 g cm2). The values of
CSA are reported in Table 1. Fig. 5 shows the CV curves for Pt/C cat-
alysts with different Pt particle size. The Pt electrochemical surface
area (ECSA) was calculated from the hydrogen desorption peak
areas in the CV curves and was obtained from the following
formula:
ECSA ¼ QH=0:21 ½Pt ð4Þ
where [Pt] represents the platinum loading in the electrode, QH the
charge for hydrogen desorption (mC cm2) and 0.21 (mC cm2) rep-
resent the charge required to oxidize a monolayer of H2 on bright Pt.
The values of ECSA are reported in Table 1. As can be seen in Fig. 6,
the ECSA linearly decreases with increasing Pt particle size. The dif-
ference between the chemical and electrochemical surface active
area can be explained considering that a not negligible part of Pt
atoms present on the catalyst surface are not electrochemically ac-
tive, likely being not accessible to reactants, due to the presence of
an excess of oxides or being localized inside small pores. Moreover,Fig. 5. Cyclic voltammograms of Pt/C electrocatalysts by E-TEK with different Pt
loading and Pt particle size at room temperature at a scan rate of 20 mV s1. Current
densities normalized with respect to the geometric surface area.when fabricating electrodes with solid polymer electrolytes, as in
this work, it is not guaranteed that all the Pt-surface area of the cat-
alyst is available for the electrochemical reaction due to either
insufﬁcient contact with the solid electrolyte or due to electrical
isolation of catalyst particles from each other by a ﬁlm of the elec-
trically non-conducting solid electrolyte. Therefore, the Pt-surface
area measured by cyclic voltammetry in a membrane electrode
assembly (MEA) may be substantially smaller than the intrinsic sur-
face area of the catalyst. The ratio of ECSA and CSA is commonly
used to evaluate the Pt utilization [39–41]:
Pt utilization ¼ ECSA=CSA ð5Þ
As shown in Table 1, the Pt utilization was in a range of 47–57%,
slightly higher for the smaller particles.
3.2. Cyclic voltammetry and chronamperometry studies of ethanol
oxidation on Pt/C catalysts with different particle size
Fig. 7 shows the linear sweep voltammetry (LSV) curves for eth-
anol oxidation at 90 C for Pt/C catalysts with different particle
size. With the current density expressed in terms of the geometric
area. The 30% Pt/C catalyst (d = 2.6 nm) showed the lowest onset
potential for ethanol oxidation, while the onset potential of the
other Pt/C catalysts was near the same. For potentials >0.45 V vs.Fig. 7. Linear sweep voltammograms for ethanol oxidation on Pt/C catalysts by E-
TEK with different Pt loading and Pt particle size in 1.0 mol L1 ethanol at 90 C.
Current densities normalized with respect to the geometric surface area.
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C < 40 wt.% Pt/C < 20 wt.% Pt/C < 30 wt.% Pt/C.
Chronoamperometry (CA) tests for the ethanol oxidation at
0.6 V vs. RHE were carried out also at 90 C and the results are
shown in Fig. 8. The current ‘‘waves’’ observed in Fig. 8 are noises
related to temperature controller of the instrument, independent
of the characteristic of the catalyst. It can be clearly seen that the
currents for ethanol oxidation on both the catalysts dropped rap-
idly at ﬁrst and then became relatively stable. Consistent with
the LSV results, it was found that the steady state current density,
expressed in terms of the geometric area, on the 30% Pt/C catalyst
was signiﬁcantly the highest. The steady state current densities in-
creased in the order 60 wt.% Pt/C < 40 wt.% Pt/C < 20 wt.% Pt/
C < 30 wt.% Pt/C. To compare the mass activity of the different Pt/
C catalysts we have used the current density per unit of geometric
area at 0.5 V (from LSV) and after 1000 s at 0.6 V (from CA). Being
the Pt loading at the anode 1 mg cm2, the current density per unit
of geometric area is the same of the current density per unit of Pt
mass, that is, the mass activity. Fig. 9a shows the dependence of
the current density at 0.5 V (LSV) and the steady state current den-
sity after 1000 s (CA), both expressed in terms Pt unit mass, on
platinum particle size. As can be seen in Fig. 9a, from both LSV
and CA measurements, the dependence of the MA on Pt size goesFig. 8. Chronoamperometry test for ethanol oxidation at 0.6 V and 90 C on Pt/C
catalysts by E-TEK with different Pt loading. Current densities normalized with
respect to the geometric surface area.
Fig. 9. Dependence of the current density at 0.5 V (LSV) and the steady state current dens
on platinum particle size.through a maximum. Being MA = ECSA  SA, and being ECSA = k
1/d (see Fig. 6), for a constant value of SA the mass activity should
decreases with increasing the particle size. But MA is not inversely
proportional to particle size, so we can infer a size effect on SA. The
speciﬁc activity for the EOR of the Pt/C catalysts can be expressed
in terms of current density per unit of ECSA at 0.5 V (from LSV) and
after 1000 s at 0.6 V (from CA). Fig. 9b shows the dependence of the
current density at 0.5 V and the steady state current density after
1000 s, both expressed in terms of the ECSA, on platinum particle
size. As can be seen in Fig. 9b, a size effect on SA is clearly present,
with a maximum at 2.6 nm. Interestingly, SA do not increases with
increasing the particle size, as commonly observed for the MOR
and the ORR, but a considerable decreases is observed in the range
2.6–3.5 nm. A similar decrease of SA with increasing particle size
was observed by Park et al. [9] regarding the formic acid oxidation
on Pt/C. The decrease of SA going from 2.6 to 3.5 nm can be ex-
plained on structural effects. As previously reported, the ethanol
oxidation reaction depends on the surface characteristics of Pt,
which in turn depend on Pt particle size. As the particle size de-
creases, the associated changes in the coordination numbers of
the atoms, the population of the facets and the concentration of de-
fects should facilitate the dissociative adsorption of ethanol on Pt.
The decrease of SA going from 2.6 nm to 2.2 nm can be ascribed to
a prevailing negative effect of the presence of a high amount of OH
on Pt surface, blocking the active sites required for the adsorption
of ethanol.
Another explanation, as also recently reported by Yoo et al. for
methanol oxidation [42], is based only on the effect of OH presence
on Pt surface. When the adsorbed OH acts as a promoter of a reac-
tion, as in the case of the oxidation of intermediate species on Pt,
the increase in the oxophilicity with decreasing particle size results
in an increase in the speciﬁc activity for the ethanol oxidation reac-
tion. On the other hand, the increase in the oxophilicity, that is, the
coverage with oxygenated species, in the case of the smallest par-
ticles (2.2 nm) leads to a decrease in the speciﬁc activity, because
the OH groups on these particles can effectively block the active
sites required for the adsorption of ethanol. As a consequence, this
situation leads to a maximum in the speciﬁc activity, correspond-
ing to the point where the ability of the Pt/C to bind OH is not too
weak and not too strong.
Regarding a possible decrease of the speciﬁc activity with the
decrease of the inter-particle distance, a good way to evaluate this
effect can be the comparison of the speciﬁc activity of 40 and
60 wt.% Pt/C catalysts, presenting the maximum and minimum
value of the ID, 12.7 and 9.7 nm, respectively, but having closeity after 1000 s (CA), expressed in terms of Pt unit mass (a) and in terms of ECSA (b),
Fig. 10. Potential- and power density–current density curves in single DEFCs with
Pt/C by E-TEK with different Pt loading and Pt particle size as anode electrocatalysts
for ethanol oxidation at 90 C/3 atm O2 pressure, using a 1 mol L1 ethanol solution.
20% Pt/C (squares), 30% Pt/C (circles), 40% PtC (up triangles) and 60% Pt/C (down
triangles) as cathode electrocatalysts. Full symbols: polarization data; open
symbols: power density data. Anode Pt loading 1 mg cm2. Cathode: 30% Pt/C, Pt
loading 1 mg cm2. Current densities and power densities normalized with respect
to the geometric surface area.
114 J. Perez et al. / Journal of Electroanalytical Chemistry 654 (2011) 108–115values of Pt particle size, 3.2 and 3.5 nm, respectively. The decrease
of the SA going from 12.7 to 9.7 nm ID was <15%, ascribed mainly
to the different Pt particle size, and indicative of a small effect of
the inter-particle distance on the speciﬁc activity in this range of
ID.3.3. DEFC tests
The polarization and power density curves of DEFCs with Pt/C
with different Pt loading and particle size as anode catalysts are
shown in Fig. 10. As can be seen in Fig. 10, the performance of
the cells with 20 wt.% and 30 wt.% Pt/C were similar, while the cell
with 40 wt.% and 60 wt.% Pt/C showed a lower performance.
Fig. 11a shows the maximum power density (MPD), expressed in
terms of geometric area, that is, indicative of the mass activity,
vs. Pt particle size. Unlikely from half-cell measurements, the MA
of the 20% Pt/C (size 2.2 nm) was slightly better than that of 30%
Pt/C (2.6 nm). The ratio between the MA of 30 wt.% Pt/C and that
of 40 wt.% Pt/C (3.2 nm) decreased from 2.1 (both LSV and CA) toFig. 11. Dependence of the maximum power density of the DEFCs, expressed in terms o
catalyst.1.6 (DEFC), and in the same way, the ratio between the MA of
30 wt.% Pt/C and that of 60 wt.% Pt/C (3.5 nm) decreased from 2.6
(both LSV and CA) to 2.0 (DEFC). It is known that the behavior of
anode catalysts in a fuel cell can be different to that in half-cell
[5,43]: notwithstanding the results of electrochemical tests in
half-cell showing that PtACo and PtANi are better catalysts for
the MOR than PtARu, tests in direct methanol fuel cell (DMFC)
and were not encouraging [43]. Also, Lamy et al. observed a slight
difference between measurements of EOR activity of PtASn/C cat-
alysts taken in the fuel cell environment and in half-cell experi-
ments [5]. However, in this work the same MEA was used for
both half-cell and DEFC experiments. Thus, the main difference is
the following: while in half-cell only the ethanol oxidation is eval-
uated, in DEFC tests the performance depend on both ethanol oxi-
dation and oxygen reduction. As recently reported by James and
Pickup [44], a not negligible amount of CH3CHO and CH3COOH,
the products of partial ethanol oxidation, migrate from the anode
to the cathode trough the membrane, and can negatively interfere
with oxygen reduction, by poisoning the Pt surface. Moreover, the
mixed potential, which results from the oxygen reduction reaction
and the oxidation of CH3CHO to CH3COOH (and perhaps of
CH3COOH to CO2) occurring simultaneously, could reduce the cell
voltage, generate additional water and increase the required oxy-
gen stoichiometric ratio. Considering that the highest amount of
these compounds is formed on the most active 30 wt.% Pt/C
(2.6 nm) catalyst, the negative effect on the ORR is also the highest,
decreasing the overall performance of the cell with 30 wt.% Pt/C as
anode catalyst. Fig. 11b shows the dependence of the MPD of the
DEFCs, expressed in terms of the ECSA, indicative of the speciﬁc
activity, on Pt particle size. SA in this case the trend was similar
to that in half-cell, but less signiﬁcant for the reasons previously
reported (sum of EOR and ORR effects). Clearly, the effective size
effect on the speciﬁc activity for ethanol oxidation of Pt/C catalyst
is that obtained by measurements in half-cell.
4. Conclusions
A particle size effect for ethanol oxidation on carbon supported
platinum was observed in half-cell measurements, with a maxi-
mum at a particle size of 2.6 nm, both for the mass activity and
the speciﬁc activity. The presence of a maximum in the MA/particle
size plot is commonly observed for methanol oxidation and oxygen
reduction, while the SA generally decreases with decreasing the
particle size. The presence of a maximum in the SA for ethanol
oxidation was ascribed to the best compromise between structuralf Pt unit mass (a) and in terms of ECSA (b), on platinum particle size of the anode
J. Perez et al. / Journal of Electroanalytical Chemistry 654 (2011) 108–115 115effects and/or oxophilicity effects of the Pt surface. In DEFCs, the
particle size effect at the anode side was less signiﬁcant than that
observed in half-cell measurements, likely due to concomitant
effects of ethanol oxidation products on the oxygen reduction at
the cathode side.
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